Purpose The aim of this study was to use digital holographic microscopy (DHM) in human sperm imaging and compare quantitative phase contrast of sperm heads in normozoospermia (NZ) and oligoasthenozoospermia (OAT). Methods DHM spermatozoa imaging and repeated quantitative phase shift evaluation were used. Five NZ and 5 OAT samples were examined. Semen samples were examined by semen analysis and processed for DHM. Main outcome measures were maximum phase shift value of the sperm heads. Differences of the phase shift and in NZ and OAT samples were statistically tested. Results In NZ samples median phase shifts were in the range 2.72-3.21 rad and 2.00-2.15 in OAT samples. Differences among individual samples were statistically significant (p<0.001) in both groups. Median phase shift according to sperm count was 2.90 rad in NZ samples and 2.00 rad in OAT samples. This difference was statistically significant (p<0.001).
Introduction
Digital holographic microscopy (DHM) is a noninvasive imaging method of quantitative phase contrast. Its main advantage over a conventional Zernike phase contrast is the quantification. This feature enables much more sophisticated evaluation of image data. For this reason it is particularly useful in cell biology for visualization and evaluation of living cells that exhibit phase-objects properties. It is considered to be a very promising tool in single-cell analysis [1] [2] [3] . Following previous experience from study of structural integrity of neoplastic cells [4] , we used the DHM in sperm imaging.
The aim of the study was to use DHM in human sperm imaging and compare quantitative phase contrast of sperm heads in normozoospermia and oligoasthenoteratozoospermia.
Materials and methods

Digital holographic microscopy
Holographic microscopy is based on the interference of the light passing through the object with the light passing out Capsule Quantitative evaluation of the phase shift by digital holographic microscopy could provide new information on the exact structure and composition of the sperm head.
of the object. A microscope built in the Laboratory of Optical Microscopy, Institute of Physical Engineering, Faculty of Mechanical Engineering, Brno University of Technology was used for the DHM observations [5] . The light source is a halogen lamp which could be provided with an interference filter to regulate the temporal coherence of the light. From the source, the beam is divided by a diffraction grating into the reference and the object arm. After passing through the condensers, the beam of light is focused on the object in the object arm and on the reference object in the reference arm. The reference object is usually used to correct for the optical aberrations in the image. Two objectives image the reference object and the object into the common image plane of the microscope where the hologram is formed. The hologram is then magnified by the image objective to meet the holographic condition [6] [7] [8] . The magnified image is recorded by the CCD camera. The hologram is numerically processed and the image phase and amplitude are computed. The principles and the scheme of the hologram formation and the image reconstruction have already been described [9] .
The hologram processing allows various imaging modes: a/ quantitative phase contrast and its 3D visualization (visualizes the dry mass distribution in the specimen), b/ intensity contrast (similar to bright field light microscopy) and c/ dynamic phase difference-visualizes the changes of the cell dry mass distribution over time [4] .
The interferometer system of this DHM is achromatic, and thus suitable for spectrally broad-band extended-source illumination that induces strong optical-sectioning property in its imaging process [5] .
Four objective lenses (×10, two as condensers, two as objectives), digital camera Astropix 1.4 and software developed for the camera and for the image reconstruction were used.
The observation chamber for DHM is specific for the construction of the microscope. Neubauer or Makler chambers are not compatible. The chamber we used consisted of a round coverslip (diameter 22 mm) glued with silicon adhesive to a stainless steel annular ring spacer (0.8 mm thick, inner diameter of 15 mm, volume 141 ul). This formed the bottom part of the observation chamber. The chamber was closed after filling with another coverslip (22 mm diameter) with a vacuum grease seal.
Samples processing
Five donor NZ samples and 5 OAT samples of men referred for examination and infertility treatment to our clinic were examined. Informed consent was obtained from all participants. The project was approved by the Brno Faculty Hospital Institutional Review Board and ethics commission.
Participants provided the ejaculates produced via masturbation in polypropylene containers in the hospital after an abstinence period of 3-5 days. Semen analysis was performed according to the guidelines of the World Health Organization [10] and the standards of the department [11] . Sperm counts were evaluated using the Neubauer counting chamber. Centrifugation (2790 g for 10 min) was used to remove seminal plasma.
The sperm pellet was covered by 1 ml of culture medium (Universal IVF Medium, fy Medi-Cult, Denmark) and the "direct swim-up" method [10] was used to prepare the sample. Sperm concentration and motility was examined. Culture medium was used to adjust sperm concentration to 1.0×106/ml for better conditions for examination. Samples were placed in sterile polypropylene tubes with screw cap (Nunc CryoTubes™, Thermo Fisher Scientific, Roskilde, Denmark) and after 1 h at a stable temperature of 36.0 C, transported in a portable incubator (K-systems, Birkerod, Denmark) to DHM.
DHM object chamber was filled with spermatozoa in cultivation medium, reference chamber with the same medium without spermatozoa. The examinations were done without immobilization of the spermatozoa.
Assessment of sperm morphology by DHM was modified with the respect to the microscope construction. First, classic phase-contrast mode was used to find best spermatozoa without obvious defects (oval head, no cytoplasmic droplets, straight midpiece and tail) and with progressive motility. All these examinations were done by the same experienced senior embryologist. Then the imaging mode was changed to quantitative phase contrast and the image of the selected sperm was recorded with the phase shift as the third dimension. The range of the phase shift was from 0 to 4.1 radians (rad), pseudocoloured from dark blue (phase shift 0 rad) to dark red (phase shift 4.1 rad). Phase shift of examined spermatozoa was in the range 1.55-4.1 rad. The differences were evaluated at 0.15 rad intervals. Three repeated measurements on the same sample were used to test variability.
Statistical analysis
Differences of the phase shift in NZ/OAT samples were tested using two-way ANOVA. Descriptive statistics such as mean, median, standard deviation (SD) and confidence intervals (CI) were used for summary of phase shift of sperms. Data were deemed to be outliers if they met the following conditions: < Q1-1.5 * IQR or > Q3 + 1.5 * IQR, where Q1 is the first quartile (i.e. the 25th percentile), Q3 is the third quartile (i.e. the 75th percentile) and IQR is the interquartile range (i.e. IQR=Q3-Q1 In one measurement 100 spermatozoa were examined. In the same sample three repeated measurements were done. Eighty seven outliers (2.9%) out of the total count of 3000 examined sperms were excluded from the analyses. Differences in the phase shift of the remaining 2913 sperms were tested using two-way ANOVA. As there were statistically significant differences in 4 measured repetitions (13.3%) in some samples, two out of three measures of these samples were used for analyses of the phase shift according to the sample and the NZ/OAT group. In NZ group, median phase shifts according to samples were in the range 2.72-The two-way ANOVA test of the phase shift of sperms according to the sample and NZ/OAT group was performed. Although both parameters were statistically significant, the NZ/OAT group explained more data variability than the sample (sum of squares 422.3 vs. 36.3, F value 1718.4 vs. 37.0). Hence, the NZ/OAT group is more important parameter rather than the sample.
Images of sperms with different phase shift are presented in Fig. 1 .
Discussion
In this study, DHM demonstrated a significant difference of maximum phase shift of spermatozoa heads in NZ/OAT groups. Differences were found among individual samples, too. All these observations raise the question of the origin of the maximum phase shift. It could be thought that the inner sperm head structure could result in different maximum phase shift. Structural organization of the sperm DNA, condensation of the chromatin, alteration of protamines, histones or other proteins can all be considered [12, 13] . The relationship between sperm strict morphology and sperm chromatin integrity was examined in some studies [14] . The results suggest that sperm head abnormalities may, in part, be due to incomplete sperm chromatin condensation. These changes could contribute to differences in phase shift of the sperm head.
The sperm chromatine research has brought evidence that supports possible relation between chromosome architecture and optical characteristics of the sperm head. The condensation of DNA into the crystalline-like protamine toroids could infer changes in maximum phase Table 1 .
shift values of the light beam passing through the sperm chromatine [15, 16] . Many studies indicate that abnormally low parameters of sperm DNA integrity and sperm membrane integrity correlate and reduce fertility [17] [18] [19] [20] . Human sperm head birefringence (double refraction of a ray of light into two rays when it passes through an anisotropic material) was found useful for the selection of spermatozoa for intracytoplasmic sperm injection [21] . Recently, a relationship between the pattern of human sperm head birefringence and DNA fragmentation was described [22] . In-vitro induced nuclear chromatin decondensation of human spermatozoa resulted in significant enlargement of the sperm heads [23] . These observations support the hypothesis that DNA fragmentation could result in differences of the maximum phase shift.
To get more information about the relationship between the phase shift differences and other characteristics of the sperm head, it will be necessary to analyze statistically the results of these examinations (DNA fragmentation, alterations of protamines, histones, strict morphology etc.) in the same sample.
We are aware of the technical limits of this method. Quantitative changes of the phase shift may be affected by the detailed morphology, which was not visible at used resolution (magnification of 40× followed by a zoom). Exact determination of the maximum phase shift is subjective according to the color spectrum, depending on experience of the staff. There were 2.3% of outliers and 13.3% repeated measurements were significantly different in spite of the fact that examinations were done by the same experienced investigator. One of the reasons could be observation of the spermatozoa without immobilization. The "rolling" of the sperm head can interfere with the differences of the repeated measurements. In previous experiments we used distilled water to immobilize the spermatozoa, but this procedure resulted in significant decrease of maximum phase shift. Consequently we prefered study with motile spermatozoa in spite of the fact that the evaluation is more complicated and time consuming.
The maximum value of the phase shift of sperm head depends on the exact location of the sperm head to the optical axis. The phase shift can be affected by different turning of the oval head towards this axis. In the future, the method can be refined by evaluation of the sperm head total phase shift instead of the maximum phase shift. The total phase shift is computed as the sum of the phase shift values in all pixels of the sperm head image and is proportional to the total dry mass of the head. This determination requires higher microscope objectives magnification and more precise resolution between the sperm head and neck. Placement of spermatozoa in a very thin "single layer sperm" will improve stable and exact focusing. Using Makler chamber instead of the current chambers should be optimal. However, this needs specific changes of the microscope construction.
For clinical practice, the time needed for DHM imaging is significant. Sample preparation takes an experienced person approximately 15 min. Total time necessary for measurement of one sample depends on the concentration of measured spermatozoa. In this study, embryologist examined one hundred spermatozoa during 50-90 min. This time should be decreased by higher magnification of microscope objectives and a new chamber with a very thin medium layer.
Of clinical importance is potential contribution of DHM sperm imaging to better IVF results. In previous study we examined twelve OAT semen samples from infertile men from IVF treated couples where four clinical pregnancies were achieved. In some samples we found significantly different values of maximum phase shift of spermatozoa heads. The number of the samples was not sufficient for proper statistical analysis and hence no correlation of higher maximum phase shift and pregnancy could be found. Very interesting possibility could be selection and trapping of spermatozoa with high phase shift for ICSI and followup of the embryo development and implantation. Unfortunately, at present it is not possible to combine micromanipulator with DHM.
A great deal of information relevant to the function of the sperm can be obtained from live cells imaging [24, 25] . Research of the sperms by DHM is at the very beginning and many questions remain to be solved. From the fundamental perspective, it must be clarified what structures and substances are involved in the phase shift. It will also be necessary to explain what the relationship is between the quantitative phase contrast values, strict morphology, DNA fragmentation, alterations in protamines and histones in the spermatozoa and infertility.
Conclusions
Quantitative evaluation of the phase shift by DHM could provide new information on the exact structure and composition of the sperm head that could be useful for clinical practice. At present this technique is not established for clinical utility. Future research requires changes in microscope construction and methods of examination, leading hopefully to better identification of factors responsible for significant changes in the spermatozoon phase shift.
